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I. TINTRODUCTION

The proposed research under contract NASS-24668 involved the
study, design, and testing of mosaic crystal x-ray polarimeters and

ke

spectrometers. Particular emphasis was placed on the development of

he High Energy Astronomical

ot

such Instruments for the eventual use in
Obéervatories {HEAD} to be flown by NASA in the wmid 1970's.

‘he work described in the following pages developed as a
natural extension of the program of research in the Coluwbia Astrophysics
Laboratory. From this study, the use of mosaic crystals for celeztial
x~ray polarimetyry and spectroscopy and their application in a large
orbiting x~ray observatory were developed, and the following conclusions
were drawn:

1. That certain crystalline materials such asz graphite, lithium
hydride, and tungsten disulphide in their mosaic form are ildeally sulted
for significant celestial x-ray polarimetry.

2. That such crystals, particularly lithium hydride, when
coupled with an x~ray telescove to form an objective crystal spectyom-
eter, result in a device that combines the highest possible spectral
resolution with the highest possible efficiency of a scanning spectyom-
eter for the study of the broad spectral lines expected from high-
temperature stellar sources.

3. That such crystals can be usefully emploved in a slitless

et

spectrometer in tho

w
[0

situations where the time of observation perv
resolution element is limited such as in a rocket with two- or three-
degree pointing accuracy or in the wheel section of an 080 or similar-

type satellite.
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4. That crystals of tungsten disulphide, though not currently available,
could be created by the same or similar methods as the graphite crystals,
namely, pyrolytic deposition followed by compression under high tempera-
tures {(Union Carbide). A subcontract with Union Carbide Corporation was
negotiated to prepare samples of this material.

In order to develop and demonstrate these concepts, the following
instruments were constructed:

1. A highly efficient filight prototype of a graphite crystal
polarimeter to be used in the focal plane of a grazing-incidence x-ray
telescope. This polarimeter placed at the focus of an x-ray telescope
of 1000~cm2 effective area could detect polarization of less than 5%
from Crab-nebula-strength sources in 100U seconds of observation time.

2. Two large-area {150 square inches each) graphite crystal
spectrometers, which were flown successfully in a sounding rocket (KP330)
launched on April 24, 1970,

3. A laboratory objective crystal spectrometer employing
graphite crystals, which to date has demonstrated a resolution of
better than 12 arc min at 2.6 keV,

4. Four large-ares fecusing.graphita polarimeters, which are to
be flown in an Aerobee-350 (17.09 U.G.) in February, 1971.

In addition to the work outlined above, we have, through a sub-
contract to Union Carbide Corporation, also realized the development of
a process for producing large areas of the mosaic form of tungsten

disulphide.




IT. MATERIAL STUDIES
HBiohly imperfect or ' ice’ evvetals can be considered to consis
ighly imperfect or "mosalc’ crystails can be considered to consist

of microscopic perfect crystallets {domains}, each slightly misaligned

with respect te one another. FHach domain then satiafies the Bragg con-

dition at a sligﬁtly different energy for parallel incident radiavion.
The total intensity reflected by the crystal is simply the sum of the
intensities reflected by the individual domains. The commonly used
measure of this property is the integrated reflectivity. Crystals with
high integrated reflectivity insure that the largest possible fraction of
parallel continuum radiation, such as that encountered in stellar x-vray
sources, will be coherently scattered.

The first phase of our program established which mosaic crvstals
had the largest integrated reflectivities. An examination of the

theoretical formula showed that the integrated reflectivity is maximized

Lo 0,

for those crystals with {(8) a large value of the ratio of differential

coherent to absorption cross secticn, and (b} dense, widely separs

&.

planes. Computer calculations were performed for many crvstals that
seemed to satlisfy either or both of the above conditions. A ssmple of
the results of these calculations is shown in Table T. The mesaic forms
of graphite, lithium hydride, and tungsten disulphide were found to have

the highest value of the integrated reflectivity.

A. Mosaic Graphite
A test facility was constructed and used for the study of the
properties of a large sample of commercially produced {Union Carbide)

mosaic graphite crvstals. This work led to & detailed understanding of
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Table I. Integrated Reflectivity at 45° Inpcidence for

Mosaic Forms of Variocus Crystals®

_E_ IR x10*

Kalonite 1.19 1.6
FeAN 4.64 5.7
Mica 8.80 0.2
Graphite 2.62 12.

WSe2 1.35 14.

PET 2.0 4.3
MO 5.58 1.6
W 5.55 3.0
TaC 3.94 3.7
AgCl 3.16 4.6
WS2 1.41 16.

M052 1.43 7.8
InOCL 1.09 3.4
Calcite 5.42 3.7
LiF 4,37 5.2
LiH 4. 30 i7.

*
Absorption coefficients are from the tables of Leroux, J., The

Encyclopedia of X-Rays aznd Gamma Rays, Ed., G. L. Clark, Reinhold Publishing

Corp., New York (1963}, p. 9. The atowmic structure factors arve from
Hanson et al., Acta Cryst. (1964) 18, 1040. The crystal structure factors

were calculated from the atomic locations in Wyckoff's tables.



the specification of the properties of these crystals for use in x-ray

polarimeters and spectrometers. Studies were also made of technigues

£t

to improve the integrated intensity of the graphite crystals.

The integrated reflectivity of the graphite crystals produced by
Union Carbide was not necessarily identical for crystals with the same
mosaic spread. The integrated reflectivity depended on the production
process used. In particular, the integrated reflectivity {(for a given
mosaic spread) was found to be greater for those crystals produced at
low temperatures and high pressuvres. Furthermore, the mosaic spread
of the entire crystal is typilcally 30 to 50 percent greater than the
value specified by Union Carbide on the basis of testing less than one
percent of the total area of the l-in.-square cyrvstals. Thevefore,
specification of the mesaic spread is not sufficient for determining the
expected performance of these crystals.

It was found that some of the crystals produced by Union Carbide
exhibited Integrated reflectivity as high as 12 x 10M4, but many of the
crystals had lower reflectivities. By using various techniques for

corturing the crystal, such as grinding, heating, and cooling, we could

improve the poorer crystals to the above value, but in no case were we

. . .y . " ~4 . . .
able to obtaln a reflectivity higher than 12 x 10 . Calculations basec

[N

s . 1
i

tcate that a 507 hi

ok

. e . .. .
on the atomic factors given by Leroux ind hex

g9

e

k

. , . . , o 4
reflectivity is theorvetically attainable. However, the value of 12 x 10
is found to be in agreement with the theoretical limit calculated from

-~

. Z
the move recent work of Dovle and Turner.

1, T e - . \ - §
Leroux, J., 1963, The Encvlopedia of X-Ravs and Gamma Ravs,
ed., George L. Clark (New York: Reinhold Publishing Co.}.

2Doyle5 P. A. and Turner, P. S., 1968, Acta Cryst. AZ4, 390.




The results of our experiments to improve the integrated reflec~
tivity of the graphite crystals are shown in Table II. The majority of
the samples used in these experiments were cleaved or stripped from a
thick crystal with 3.3° mosaic spread. In order to improve integrated
reflectivity, one has to minimize the domain size to reduce primary
extinction and to misalign the domains to reduce secondary extinction.
The techniques used in these experiments included:

Hammering. The surface of the crystal was repeatedly struck
with a2 hammer.

Acild treatment. The crystals were bathed at room temperature in

either HCLl or a mixture of 85% HZSO4 and 15% HNO3,

Heat treatment. The crystals were repeatedly immersed first in

liquid N,, then in warm water; or first in molten solder, then in ice

L4

water.

Sandblasting.

Flight tape. The sticky side of a heavy-duty tape was used to
remove a thin layer from the surface of the crystal. The section of
crystal left on the tape could then be easily twisted, bent, etc. in
order to perturb the crystal structure.

Stripping. Thin (< 0.005-in.) strips of crystal were removed
from the surface by placing a piece of Scotch cellulose tape on the adge
of the crystal and pulling back. This process of peeling graphite from
graphite produces striations in the peeled material.

Pressure. Both strips and cleaved sections of crystal were

subjected to forces ranging from 2000 to 200,000 lbs.




Table II. Summary of bxperiments tc Improve the Integrated Reflectivity

Mosaice Peak Re- Inteprated Conment
Spread flectivity Reflectivity {B.T. - Before Treatment)
Method - (degrees) {per cent) (X 1043 (AT, ~ After Treatment)
Hammering 4.5 0.78 7.0 B.T.
. 3.9 .98 8.0 AT,
Acid 1.7 0.98 7 B.T, ({HCL)
2.1 1.05 5 AT
2.3 .85 4.2 B 85% Hﬂ$04; HNG,
3.2 0.65 4.2 AT ‘" ’
Tempera- 3.9 0.98 8.0 B.T. Liquiszﬁ+H7O
ture . 5.0 .50 .7 K.T. -
4.8 Jd 10.1 B.T, "Strip"
4.0 1.0 8.2 AT
6.0 0.45 4.7 BT, Molten solder-ice water
6.0 (.38 3.8 AT,
Sand- 1.4 1.50 4.7 B.T.
blasting 1.5 0.98 3.8 AT
2.7 8.70 4.3 B.T. Sample protected during process
5.0 a.78 4.9 AT
Flight tape 2.3 0.85 4.2 BT, {(Typical only)
1.1 1,85 8.2 A
1.9 1.55 6.9 AT
Strips 2.3 D85 4.2 B.T. (Typical)
9.6 AT, 10 strips <.001" together
10.0 AT, 3 strips each 1-2 mil
10.1 AT,
8.6 AT,
5.3 1.0 10.1 AT,
4.8 1.1 0.1 AT,
Pressure 8.3 AT, strips at 2000 1b
9.8 AT, 3 strips at 50K 1b
3.9 0.7 4.8 B.T. Cleaved sect,
2.6 1.7 9.3 AT, 200K 1b
2.5 1.0 5.8 B.T.
2.3 1.5 7.3 AT, 280K 1b



Table II {cont'd)}

Mosaic Peak Re~ Integr&ﬁéd Comment
Spread flectivity Reflectixity {B.T. - Before Treatment)
Method {(degrees} (per cent) (X 10" (L. T. - After Treatment)

Pressure 6.3 0.65 6.9 B.T.

{cont'd) 2.5 1.85 8.7 AT, 100K 1b
7.5 0.72 &.7 B.T.
5.1 1.00 3.0 AT, 45K 1b
4.0 .74 5.0 B.T.
2.8 1.55 8.6 AT, 45K 1b
1.9 2.15 9.6 AT, 50K 1b
1.5 1.75 6.9 AT, 200K 1B
2.5 1.53 9.3 AT, 2K 1b
2.0 1.70 7.8 AT, 100K 1b




The last two methods described above consistently improved the

integrated intensity of samples whose initial valuve of this property

was less than 1 x 10 ~. While the stripping technique worked very well

on poor samples, those crystals produced under high pressures by
Union Carbide have a much more brittle tewxture and are impossible to
"strip.'" However, the high-pressure samples test typlcally to & x l@ﬂa
or better without treatment.

Under the pressure treatment, poor samples improved provided that
the applied force was not greater than about 530,000 1bs. As one would
expect, secondary extinction became a problem in samples subjected to
very high pressures. Finally, pressing the striated strips or samples

-
of 0.8° material, which tested initially to better than 1 x 10 7,
produced no improvement in their integrated intensity.

Alﬁost all of the mezgurements discussed azbove were performed
with a Norelco Universal Vacuum X¥-Ray Spectrometer {(type 52530). The
x-ray beawm produced by this apparatus is only capable of sampling
fraction of the 1 in. by 1 in. surface of the graphite crystals
(1/32 8q. in.}. 1In order to test the entire crystal wirh a well-
collimated beam (better than 0.1°), a test facility was constructed
incorporating the following:

1. A rhodium anode x-ray tube which can be operated at 20 keV
with currents up to 100 wmA.

2. A 30-ft evacuated tube.

3. A large test chamber at the opposite end of the tube from
the x-~ray tube. This chamber contains independent crystal and detector
holders with calibrated motions and provisions for accepting the proto-

type satellite polarimeters for testing.
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A large number of low-temperature, high-pressure-produced
graphite crystals were tested with this faciiity. The mosaic spread of
these crystals was found to be typically 30 to 307 higher than that
measured from a small section of each crystal's surface, as shown in

Table I111.

B. Develcopment of Mosaic Crystals of Tungsteﬁ Bisulphide

As part of our research program, we subcontracted to the Union
Carbide Corporation the development of mosalc tungsten disulphide
crystals. On the basis of ocur theoretical calculations, the mosaic form
of this crystalline material was found to have very high integrated
reflectivity and therefore to be extremely useful for polarimetry at
1.3 keV and for spectroscopy in the 1 to 2 keV region. X-ray instruments
sensitive in this energy region are of particular importance because
1) the typical proposed and existing grazing-incidence x-ray telescopes
have relatively poor collection efficiencies for energies much beyond
3 keV; 2) the continuum flux from many of the observed xu~ray sources
is near maximum in the 1 to 2 keV reglon; and 3) there are a large
number of posgible x-ray line emissions in this energy regiom.

The Union Carbide Corporation has been successful in producing
a preliminary form of tungsten disulphide, and their final report is

included in Appendix I.
€, Lithium Hydride
Several large samples (2 x 3 z 2 in.) of LiH crystals were
purchased from the Lithium Corporation of America. Smaller crystals

were cleaved from these samples. The measured integrated intemsity of
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Table IIT. Measurement of the Mosaic Spread over Small and Larpge Areas

o
Fhy
ot
o
"
03

me Crystal

Small Arean Total Crystal
Mosaic S Mosaic Spread” ITnore

Sample {degrees) {(degrees) {depgrees)

C2 0.62 0.92 0.320
C4 0.70 0.96 .26
C7 0.85 1.50 0,65
Cci4 0.44 0.71 0.

C25 0.55 0.75 G6.20
Cz7 0.50 0.70
C28 0.50 0.75 .25
C26 0.76 0.71 .04
C26 5.73 (.85 .12

~

1. . .
Three percent of the total area of

the crystal

2 . . ‘
Entire crystal area [1 in. x 1 in.} was sampled.




the few samples tested was on the order of 0.8 x lOuS, at 4.6 keV. The

results of one of these measurements‘are shown in Fig. 1, where three
separated Ko (and KB} peaks indicate that this crystal conmsists in fact
of three different crystals at angles of 0.8° and 2.7° with respect to
the crystal parallel to the surface. This type of behavior is often
found in large Nall~type crystals.

A technique often used for improving the integrated reflectivity
of salt~like crystals such as LiH is to bend the crystal. This
guarantees that the incident flux must satisfy the Bragg condition at
slightly different energies in order to be reflected as it penetrates
into the material, thus eliminating secondary extinction. Bending
also serves to break up the larger domains. The bending procedure is
carried out by slightly heating the crystal in 2 vacuum and pressing the
crystal into shape. An apparatus to achieve this effect was constructed,

In addition to the bending technique, a shock treatment was also
prepared in which the crvstals were held in place in a mold and cracked
with a hawmeyr. The results of these experiments, though inconclusive,
proved encouraging. In several cases the integrated reflectivity
improved by more than a factor of 10; however, this was on samples that
initially tested well below 10‘4a The program for the development of
the LiH was hampered by the fact that the initial samples from the
Lithium Corporation were not uniform in property. We began negotiations
with the Harshaw Chemical Company to produce LiH crystals for us but
were not able to continue because of lack of funds. This was particularly

unfortunate, because of all the crystals, LiH could be used as an
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extremely efficient polarimeter

choices of materials for use in

as described in Section IIT.

at 4.3 keV and is one of the best

an objective crystal spectrometer,

£
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ITII. SPECTROSCOPIC INSTRUMENTS EMPLOYING MOSAIC CRYSTALS

Observations of x rays from cosmic sources have been made almost
exclusively with large direct~viewing detectors, which for photon
energies below 10 keV universally empioy proportional counters. The
energy resolution thus achieved is at best 15% at 6 keV and becomes
broader for lower enmergies (Culhane et al., 1966). The broad resoclution
makes the detection of line radiation and absorption edges very difficult,
and so far no positive indication of these features has been observed
in any cosmic source (Fritz et al., 1969; Holt et al., 1968). Clearly,
a large step forward will be made when high~resolution spectra can be
obtained by grating or Bragg reflection techniques. These techniques
have not been used because the radiation from cosmic sources is
extremely weak, and only short observations are possible from sounding
rockets.

Even with the long cbservation times that will become available
with satellite~borne equipment, highly efficient instruments will be
required to obtain spectra of sources much weaker than the Crab nebula.
The most efficient use of Bragg reflection for both spectroscopy and
polarization measurements is obtained by exploiting the properties of
mosaic crystals with high integrated reflectivity. Examples of such

crystals are lithium hydride, graphite, and tungsten disulphide. For part

of this program, we have designed a spectrometer to be used in con-—
junction with a grazing-incidence lens. This device realizes both the
high efficiency of a mosaic crystal and the very high resolution possible
with Bragg spectroscopy. As this instrument must await the development
of large x~-ray lenses of high efficiency, we have also considered per-
forming useful survey measurements with simpler spectrometers having no

focusing elements.
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A, " The Objective Crystal Spectrometer

In considering spectrometer design we shall for the moment disregard
resolving power and discuss the properties of an amalyzing crystal which will
maximize efficiency. The criterion used is that the largest possible number of
photons should be reflected as a scan is made over a given range of wavelengths.

Suppose a crystal is illuminated with radiation from a cosmic source and

is rotated with uniform angular velocity w to scan from Bragg angle 8, to 8.,

1 Z

and that Bragg reflection of wavelength A takes place within this range.
Let I(A)dA be the power at wavelength X in the spectral range dX incident

on the crystal, and let R(8,)A) be the coefficient of reflection of x rays of
wavelength A incident at angle 8 on the crystal. The total reflected energy

in the same spectral range W(X)dr is{given by

82 48
W(A)dA = é L(A)dAR(0,A)—
1 .
=L rouan-aey 1
= , (1)
where
02
A8 ()= [ R(6,)\)d6 (2)
8

The quantity A8 is the integrated reflectivity. Since the number of photons
detected is directly proportional to A8, the most efficient crystals for Bragg
spectroscopy will be those with the highest values of_&@.

The integrated reflectivity is not the same for all single crystals of
the same substance, but depends on fhe degree of perfection of the crystal.
It is highest for an ideally imperfect or mosaic crystal, that is, one in which

perfect alignment of crystal planes is maintained only over microscopic domains.
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A ray entering such a crystal passes through many domains at slightly different
Bragg angles before it is absorbed. Crystals normally used for x-ray
spectroscopy are chosen tc have their crystal planes accurately aligned so
that reflection of a given wavelength takes place only over a very narrow
angular range, and as a consequence they have poor integrated reflectivity.
A perfect crystal has an integrated reflectivity typically 10 or 100 times
smaller than an ideally imperfect crystal of the same substance. It would
appear at first sight that the requirements of high efficiency and high
resolution are incompatible. We shall show below that in fact a stellar
spectrometer of very high resolving power can be made with mosaic crystals
by making use of a grazing-incidence telescope.

We have first to determine which crystals have the highest values
of integrated reflectivity when in an ideally imperfect form. These will
then be the most suitable for analysis of the very weak fluxes of x-ray
astronomy. The integrated reflectivity of a mosaic crystal is given in the
case of unpolarized radiation by the expression derived by Darwin:

oo Lt cos“26  N°xFPr,’
4 sin 20

&

Here u 1s the absorption coefficient, N is the number of scattering cells/unit
volume, F is the crystal structure factor, that is, the effective number of
scattering electrons per cell, and T, is the classical electron radius. A

full account of reflection by crystals is given by James (1948). An
examination of Eq. (3) shows that A® is maximized in crygtaks with
well-defined planes of high electron density, and for scattering atoms

whose photoelectric absorption cross section is small compared with the coherent

: . . . 2 . .
scattering cross section, which is proportional to Fzro . We have used Eq. (3)
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to calculate AB for many crystalline materials chosen for these properties; in
Table I we have Iisted the results for radiation incident at 45° on crystals with
the highest reflectivity and on some commonly used for x-ray analysis. It

will be seen that very high values are obtained for lithium hydride, graphite,
and tungsten disulphide.

A crystal will show high integrated reflectivity, close to the

theoretical value of Eq. (3), provided that the domains are not too large,

as discussed below, and provided that the domains are sufficiently misaligned.

A direct measufe of the degree of misorientation is the mosaic spread, defined
to be the angular full width at half maximum of R({8,)) for monochromatic
radiation. From Eq. (2) it is clear that the mosaic spread cannot be less

than A9, and in practice it must be a few times greater than A9. Our samples of
graphite show a mosaic spread of 10 A8 or 1/2°. For lithium hydride the
theoretical maximum integrated reflectivity is 1/5°. A crystal with a mosaic

spread of about 1° would be expected to yield this high maximum,

Although crystals with high integrated reflectivity must show a broad
rocking curve, they can still be used to obtain high resolution spectra.
We observe that if such a crystal is illuminated with a parallel monochromatic
beam satisfying the Bragg condition, the divergence of the reflected
beam is not determined by the mosaic spread, since only those domains which are
correctly oriented contribute to the reflection. It is the diffraction of
single domains which sets the divergence, and this will generally be much
less than the mosaic spread. Thus the wavelength can be accurately
determined by measuring the angle between the incident and reflected beams.
This spectroscopic technique is ideally suited to the particular

circumstances of astronomical observations. The radiation to be analyzed is
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in the form of a well-collimated beam. Most of the brighter x-ray objects
are thought to be stars, while even the extended Crab nebula source has an
angular diameter of only two arc minutes {Bowyer et al., 1964; Oda et

al., 1967). If the direct radiation from a source is incident on a mosaic
crystal, a range of wavelengths determined by the mosaic spread is re-
flected, and a grazing incidence telescope can be used to determine
accurately the spectral distribution within this range, as shown in Fig. 2.
If there were a sharp emission line in the source, it would appear as a line
in the x-ray image detector at the focus of the telescope.

The ideal crystal for this purpose would have high integrated re-
flectivity and combine this with a very narrow diffraction width for
monochromatic radiation. The two properties are not mutually exclusive,
and a carefully chosen domain structure can optimize both characteristics,
as we now show. The angular distribution of reflected radiation depends
on the details of the crystalline structure. When illumination is by a
parallel beam of monochromatic x rays, the diffraction observed will be
determined essentially by the size of the regions which are actually re-
flecting. For a mosaic structure in which the domains are very small,
the diffraction width varies inversely with the domain size. The lowest
possible width is achieved when reflection is nearly complete as radiation
passes through a single correctly oriented domain. The crystal should have
domains just large enough for this to occur, but no larger. Any further
increase in size will not increase resolution, but will attenuate the beam
by photoelectric absorption and incoherent scattering, and the maximum
integrated reflectivity will not be achieved.

The natural diffraction width for a large domain is given by the

expression

i
. 2. 1 +icos 2d
AOy = NATFr - Tsin 26 (4)

due to Darwin (1914) and Prins (1930). As a measure of the ideal domain size,
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Fig. 2. Bragg spectrometer making use of a grazing~incidence lens.
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we take the distance d, measured along the raf, in which the transmitted
intensity of x rays satisfying the Bragg condition is reduced by a factor 1l/e.
The reflected beam in this case will have a diffraction width nearly as small
as the limiting value of Eq. (4). Following the treatment of James (1948), pp.

52-63, we obtain
g = 2A (1+]cos 28])

2.
m51n2640,,

(53

The quantities ABy and d obtained from Egs. (4) and (5) for graphite and
L
lithium hydride are given in Table IV, together with the corresponding resolving

power obtained from the relation

A _ tan @
dA ASN

(6)

For photon energies above 3.5 keV, lithium hydride would be an ideal
analyzing crystal. The extremely high integrated reflectivity already pointed
cut is combined with a very narrow natural diffraction width. We see that at
4 keV theidiffraction width is 2 arc sec, which would yield a resolving power
of 100,000. The domain thickness should be about 5 wicrons, measured
perpendicular to the surface, for then the penetration depth d would be close
te optimum for a range of wavelengths., For photon energies between 2 and
4 keV, graphite would be a good crystal, the theoretical resolving power being
greater than 5000 over the range 2-5 keV. The optimum domain thickness required
for graphite is about 10m4 cm. Samples‘with high integrated reflectivity
~have been measured in this laboratory with chlorine K& radiation and are Ffound
to have a diffraction width below the instrumental resolution of about 2 arc
min. Such material would thus yield a resolving power of at least 2000, and it
seems likely that samples with the optimum domain structure could be prepared

by existing techniques.




TABLE IV

Diffraction from Single Domains

Photon Energy Bragg Angle Diffraction Width

Ideal Domain

22

& A@N Size d Resolving
Crystal (keV) {(degrees) (arc seconds) (microns) DOWeT
Graphite 2.0 67.8 86 0.7 6000
3.0 38.1 7 1.1 8000
4.0 25.6 17 1.5 6400
Lithium 3.5 60.1 5 5.1 70,000
hydride
4.5 42.4 2 6.6 98,000
5.5 33.5 2 8.0 86 ,000



It appears that grazing incidence lenses could be made with sufficient
resolution, field of view, and energy response to match the properties of the
crystals just discussed. As an example of the geometrical imaging properties
which can be achieved, we consider ﬁhe A.T.M. parsbola-hyperbola lens described
by Magnus and Underwood {1969}, which has a maximum grazing angle of 0.62°.
With optimum geometry, the focal spot is no bigger than 10 sec of arc {half
intensity width) over the whole field of view of 2/3°. For most of the field
the spot size is well under 10 arc sec. Such a field of view is sufficient
to bring to a focus most of the reflected energy from a crystal with a mosaic
spread of 1/3°. A gold-coated lens with 0.9° grazing angle would have
a high-energy cut off at about 4 keV, the reflection efficiency dropping
rapidly above this energy. To obtain effective response at 6 keV, grazing
angles of about 0.6° would be required, and there would be a corresponding
reduction in the field of view. Thus we see that a lens could bring to a
focus with sufficiently high resolution the radiation in the 2-4 keV range
reflected from graphite crystals. In order to make the best uSe‘of 1itchium-
hydride reflection in the 4-6 keV range, it will be necessary to prepare
material with as small a mosalc spread as poSsible, sco that the reflected
radiation falls within the reduced field of view of a high-energy lens.

An interesting possibility is that the large domain structure could be

prepared artificizlly by cleaving sheets éf about 10’3 cem in thickness and
stacking them one above the other at slightly different angles. In this

way it is theoretically possible to obtain close to the maximum integrated
reflectivity of 1/5° with a mosaic spread of about the same size. Alternatively,
it may be possible to obtain the same result by using a crystal made from

slightly curved sections. The most serious practical problem with x-ray

lenses for any work with cosmic sources is the difficulty of obtaining a
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large collecting area. In principle, many surfaces can be nested to give
higher areas, but these techniques are not yet far developed. The realization
of the proposed instrument must await the development of iarge x-ray lenses

to be carried on satellites with gond pointing accuracy.

We wish to emphasize that mosaic crystals can be used to obtain very
high-resolution spectra which conventional well-ordered crystals could achieve
only with a great loss in sensitivity. Let us suppose that a conventional
spectrometer is made with a resolution of 5,000 at a Bragg angle of 45°. By
a conventional spectrometer we mean one in which the Bragg angle is determined
by the setting of the crystal rather than by the measured angle between the
incident and reflected beams. A highly aligned crystal with a rocking curve

of about 2 % 10”4‘radians in width must be used. The value of A8 given

by Eq. (2) must thus be less than 2 X 10"4u 1£ now a range of wavelengths is

scanned, perhaps to obtain a line profile or to search for a weak line, then

the total number of photons detected is proportional to A8. A spectrometer

with a mosaic crystal of integrated reflectivity equal to 10—3,having the same area

and scanning the same range for the same time, will thus detect at least

five times as many photons, and the wavelength of each one can be resolved

to 1 part in 5000 provided the telescope has a modest resolution of 40 arc sec.
The combined use of the mosaic crystal and the focusing optics of an

x-ray telescope as described above leads to a spectrometer of the highest ef-

ficiency and resolution. The fact that a relatively large fraction of the

spectrum is observed at a single setting of such an instrument is an important

advantage. This feature not only minimizes the time necessary to scan the spatial

region covered by the spectrometer, but alsc allows for the simultaneocus

ocbservation of the intercombination and forbidden lines in the helium I-like

spectrum of several elements, such as those seen in solar x-ray spectra. The

relative intensities of these two lines are of paramount importance as they
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provide a direct measurement of the electron density of the emitting region.

We have incorporated the results

crystal spectrometer in a2 proposal

gineering,

Goddard Space Flight Center, & fassachusstts 3 Technology
%
for the third HEAD wmission, This spect rometer would emp Loy
twe crystalline materials, graphite and tungsten disulphides each with a mosaic

[Py

spread of 1/4%; the energy range from 1 to 4 keV would be covered

in 320 settings (in order to scan the Bragg angles from 30° <o 70° in

1/4° steps for each crystal). The effective area of the telescope to be
used with these crystals is shown in Fig. 3. The wavelength ranges

that each of the crystals would cover are also shown in the figure. 4s can
be seen, these crystals were chosen not Gnlj for theiy high reflection
efficiency, but also for their compatibility with the energy response of
the telescope.

The principal range of energies scanned by each crystal corresponds

to Bragg angles from 30° to 70°. These limiting angles were chosen in

energy range from 1 to 4 keV, without unduly

crystal panels necessary to guarantee full
full description of the lens is contained in the Loxt Proposal.” Enerzy as a

function of Bragg angle for the two materials is listed in Table V.

Graphite WSZ
(2D = 6.70 A) (2D = 12.5 A}
Bragg Angle Bragg Angle
(Degrees) Enargy {(keV) (Degrees) Energy (keV)

30 371 30 1,98

40 2.8% 40 1.54
50 i 50 1.30

83 B
e
I
fa

60 o1l 60 L.15
70 1.87 70 1.06

%
See Loxt Technical Proposal -~ 2410-1, prepared for NASA, 27 May 1870.
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The graphite crystal would also be used to scan down to 27° in
order to search for the Lyman & emission of hydrogenic calecium at 4.07 keV.

Similarly, the tungsten disulphide crystal will be scanned to 77° in order

&=

to search for LN of Weon ¥. & list of the energles of the Lyman o emissior
Al
from hydrogenlc ions covered by the energy responsge of the spectrometer is
¥ ¥ 3y P ¥
given in Table VI. It should be noted that all of the x~ray emission lines

listed in Table VI have been observed in sclar spectra.

Table VI
Lyman ¢ Spectra Within the Energy Response

of the Objective Crystal Spectrometer

Fine-

Structure Bragg
Energy Separation Angle

Element Z Crystal (keV) {eV) {degrees)
Neon 10 WSZ 1.02 0.4 76.5
Magnesium 12 W82 1,47 1.0 42 .4
Silicon 14 C 2.00 1.8 67.7
Sulphur 16 C 2.61 3.0 45,1
Argon 18 C 3.30 4.0 : 34.1
Calcium 20 c 4,08 7.3 27.0

Other features of interest within the energy responsé of the
spectrometer are the helium I-like spectra of certain ions listed in
Table VII and the absorption edges caused by certain elements listed in

Table VIII.
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Table VIX

Helium I Spectra Within the Energy Response

of the Objective Crystal Spectrometer

Element Regonance Intercombination Forbidden

Line Line Line
(s, - 28 (i's, - 27p)) s, - 275)

(LeV) {(keV) {(keV)

Magnesium XL

Silicon XIIT 1.867 1.856 1.840

Sulphur XV 2.458 2,446 2.429

Argon XVIL 3.139 3.124 3.103

Calcium XIX 3.906 3,890 3.866

Table VIIL

Absorption BEdges Within the Energy Response

of the Cbiective Crystal Spectrometer

Element

Magnesium
Silicon
Sulphur
Chlorine
Argon
Potassium

Calcium

K  Absorption Edge (keV)




Y
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The width of the spectrum ohserved at a particular setting of the
spectrometer is shown as a function of energy in Fig. 4. We note from
Fig., 4 and Table VII that the entire tyriplet of either Calcium XIX or
Argon XVII will be observable at a single setting of the instrument, and
further that the intercombination and forbidden lines of all the ifons
listed in the table are simultanecusly Gbserﬁable when the instrument is
adjusted to reflect the approp¥iate energies.

We estimate the ﬁontributioms to typical x-ray emission linewidths

/ K} in Table IX. The

from sources such as Scorpic X-1 (T = 5 x 10
dominant contribution to the minimum linewidths at these temperatures and
energies arises from ion Doppler breadening and s on the order of a few
electron wolts over the energy range covered by the gpectrometer., The
resolving power of any stellar x~ray spectrometer should then be on .the

order of one to two thousand to resclve these lines adequately and to

study their shapes.

Table IX

Estimate of Linewidth at T = 5 x 10" °K
Ton
Doppler
I Photon Energy Width Natural Width Auger Widtch
Ion (keV) {eV) (eV} evy

5i XIV 2.00 1.15 ~ .02 ~ .23

S XVI 2.61 1.40 ~ 0.03 ~ 0.35
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Table X

Optimum Domain Size and Diffraction Limlited Widths

for Monochromatic ¥-Rays

Graphite Tungsten Disulphide
Diffrac- . ’ Diffrac—
tion tion
Limited Limited
Energy  Domain Size Width Energy  Domain Size Width
(keV) {cm x 107) {eV) {ke¥} (em x 10°) {eV)
2.G 9.5 0.26 ~ 1.0 1.6 1.5
2.5 11.9 0.21 1.5 2.1 1.5
3.0 14.3 0.29 2.0 2.8 2.7
3.5 16.7 0.39
4.0 18.0 0.48

Theoretical integrated intemsitiag have been cobserved for a large
fraction of the graphite crystals that Columbia University recelved from
Union Carbide Corporation. Direct measurements have bheen made in the
Columbia Astrophysics Laboratory with chlorine K radiation (2.6 keV), and
the samples were found to have a diffraction width below the instrumental
resolution of about 2 arc min. This result ig consistent with the thecreti-
cally predicted width of about 20 arc sec at this energy.

The 30 arc-gec rvesolution of the proposed telescope is greater than
the diffraction~limited resolution of the spectrometer at all except the
lowest energies scanned, In Table XI we show tﬁe resulting instrumental
resolution when both the 30 arc-sec resolution of the telescope and the

geometrical off-axis effects are taken into account. The instrumental




widthe and resolving powers in Table ¥I are averages over the entire
£ 1/2° field of view of the telescope and therefore represent upper and

lower limits, respectively.

Table XX

Instrumental Resolution

bverage®
Instrumental
Energy Resolution Resolving
(keV) {eV) Power . Material

1.25 1.38 910 ws?
1.5 1.87 800 Ws,
1.75 3.02 580 WS;
2.0 4. 34 460 WSQ
2.0 0.37 5465 C
2.5 0.68 3665 C
3.0 1.14 2635 C
3.5 1.71 2050 C
4.0 2.63 1520 C

P

Averages over the field of wview of the telescope.

For most of the energy range covered by the graphite crystals,
the average resolution corresponds to better tham 2 arc min over the field
of view of the telescope. Thus there are typically thirty resclution
elements available for simultanecus observation at a single setting of the
spectrometer in the spectral region from 4 to slightly above Z keV.

Comparing the resolution in Table XI with the emission linewidths estimated




Lad
(5%

in Table I¥, we see that the resclving power of this spectrometer iz ideal
for high-resolution extra solar spectLroscopy.

Absorption ccefficients are from the tables of Lervoux (1963},
except that of lithium, which is from Henke et al. (1967). The atomic
structure factors are from Hanson et al. (1964). The crystal structure
factors were calculated from the atomic locations in Wyckoff (1963).

When the parallel radiation (continuum plus lines) from an xm-ray
source is incident on the spectrometer, the reflected comtinuum (noise)
contribution is uniformly distributed over all the resolution in the field
of view, whereas the line contribution (sigpal)} will be contained in a

very few resolution elements resulting in favorable signal-to-ncise ratios.

For example, the continuum contribution from Sco X~1 at 2.6 keV will giwve
rige to approximately 0.5 ct/aec/resolution element in each of 60 resolution
elements, whereas the sulphur line at the same energy will be contained
within four 0.75-eV resolution elements at an average rate of approximately
1 ct/sec/resolution element, if the line intensity is omly C.1% of the
continuum intensity between 2 and 10 keV. We have estimated the sensitivity
of the spectrometer for the detection of two of the possible emission

lines from Scorpio ¥~1 in Table X1I, where we have reduced the predicted

i0. ftn these calculations we have included

4y

line intensity by a factor o
detector efficiency and the average response of the instrument as indicated
in Table XTI, ignoring the facr that at the center of the fiald of wiew the
resolution iz higher by a factor of two.

Wiy

The mosaiec crystal, with its high integrated reflectivity

guarantees that the largest possible fraction of the incident flux
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Legend:

Enexgy

2.00

Z.61

IC (kerkeV-cm2~sec}:

L

I (photons/cm2~sec):

F  (dimensionless):
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Table XII

Sensitivicy to X-Ray Line Emission from Sco F~1

I Lrea I E
39.6 1250 0.044 108
34.5 1250 0.050 86

Continuum £flux

Incident line radiation - 10% of Tucker's

egtimate

The number of standard deviations above the
continuum such a line would be after 1000 sec

of integration




(continuum plus lines) 1s reflected at a single setting of the crystal,
thus making such crystales ideal for an objective spectrometer. In this
application, the reflected flux is distributed among a number of resolution
elements whose width is derermined by the domain size, and may be

resolved by the focusing properties of the telescope. The number of
spectral rescolution elements s determined in turn ?y the ratio of the
mosaic spread to the width of reflection from a single domain. The

actual efficiency for reflection within a resclution element may be some-~
what less than if a perfect crystal were ewployed, but the number of resolu-
tion elements received simultaneously is always larger, on the order of

30 or moxe. (There is, of course, only one resoluticn element at any one
setting of a perfect crystal,) The features of combining high resolution,
reasonably high efficiency per resolution element, and an extremely large
number of resolution elements make an objective crystal spectrometer of
this type ideal for use as a scanniné spectrometer and for the detailed

study of the line emission from thermal w~ray sources.

B. The Couventional Scanning Crvstal Spectrometer

In order to test and develop most of the concepts described
previously, a spectrometer consisting of two large (17 in. x 2 in.)
reflecting graphite crystal panels (see Fig. 5) was constructed for use
with a sounding rocket in a2 seavch for the Lyman-o emission of fonized
sulphur from Sco X-1. The panels were mounted on two doors which were
opened when the rocket was shove the atmosphere. The scan over a range
of Bragg angles was achieved by changing the attitude of the rocket with

the doors fully opened to 45°. Those = rays satisfying the Bragg condition
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were reflected into a central bacnk of proportional counters, and the
detected pulses were telemetered to the ground.

The graphite crvetal papels were conetructed from 130 cryvstals,
each one-inch sguare. The crystals were aliguned in the large panels,
using both optical and x~ray technigques. Each crystal, mounted on its own
three~legged stand, was placed on a glass f£lat in a beam of parallel
light incident at about 45°. The reflected light was focused by a lens
onto a screen. The legs of the crystal mount were then carefully sanded
down wuntil the reflection from the crystal (a blurred spot on the screen
caused by Fhe mosalc property) was centered on the reflection from the glass
‘lat (focused to a point), thus insuring that the crystal face was parallel
to the glass flat. The characteristic width of the rocking curve (FWHM)
for an individual one~inch=~square crystal fully illuminated by a uniform
beam of Rh LOC radiation (2.7 keV), collimated to 0.12° was found to be 0.7°
with a peak reflectivity of approximately 6.3%7. It was found that, for
more than 93% of the first 119 crystals mounted and tested, the rocking-~
curve peaks fell within a range of 10 arc minutes. Optical alignment
methods were used exclusively after this correlation had been established.
The completed panels were extensively tested in the CAL 150~foot vacuum
facility, uvsing a uniform x-ray beam collimated to 0.127 at two different
energies. The measured characteristics are shown in Table XIIL,

Figure ¢ shows a Bragg scan with Panel I of the K& and Ke lines
produced with a chlorime fluorescence source. This instrument, flown
successfully aboard an Aerobee-l70 rocket in April 1970 in conjunction with

the Kitt Peak National Observatory, scanned the spectral range from 2.4

to 2.9 keV of the w-ray emisgsion from Sco X~1. The spectrum obtained showed




Table XIII
Reflection Propertiss of the Spectrometer Panels
Panel I Panel IL
FWHM 0.,65% = 0.05° G.75% £ 0.05
Resolution 29,9 eV 34.5 eV
Resolving Power 87.7 75.8
Peak Reflectivity 6.94% + 0,18% 5.78% & 0.15%

Size

9 % 17 in. S = 17 in.

no features within this energy range.

instrument, this

-3 . , ,
of about 10 7 of the power in th
lower than the best proportional
for the iron line emigsion. The

judged from the upper limit (30)

on the line emission ss compared

- p - .
of 0.55 photons/cn” /sec for the
] . 4 nd
optically thin plasma at 5 » 10

Detailed descriptions of

Appendixes 11 and IIL.

From the known response of the

result set an upper limit for the sulphur line emission

e 2-8 & continuum, an ovder of magnitude

~counter experiments of Holt et al. (1970)

£ the instrument may be

e

gensitivity o

. 2 ;
of $.08 photonsfon” /sec which we

Taa

with a flux predicted by Tucker (19%67)

+15
S

s

line intensity from an iscthermal,

K.

the experimental havdware and the

regults of this £light are included in

i

In the context of this report, the most important

result of this experiment is that we have shown that large crystal panels

can be constructed from smaller sections of mosaic crystals without any

loss of sensitivity, thus making possible the construction of the large-area

panels necessary for the HEAD.
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FOCAL PLANE CRYSTAL POLARIMETERS

A, Introduction

Even with the long observation times gvailable with satellite~borne

equipment, highly effici

ent instruments will be required to obtain

polarization information from sources much weaker than the Crab nebula.

. Polarization measurements of celestrial sources have so far employed

devices based on incoherent scattering of x rays in low-Z material

(Angel et al., 1969). S

uch polarimeters are severely limited for opera-~

tion in conjunction with grazing-incidence telescopes because of the

ielatively low high~energy cutoffs (= 4 keV) of these lenses. Except

in the case of solid hydrogen, which presents difficult engineering

problems, the efficiency of such polarimeters is geverely limited because

of the high photoelectri
Bragg reflection at 45°
polarization at the low
ig sensitive. The polar
study make the most effi
measurements by exploiti
integrated reflectivity.

The crystal polax
are Bragg-reflected thro
incident fluﬁ that is no
butes ﬁo the reflected p

ray is absorbed. The mo

guarantee that the maximum possible power is reflected.

¢ absorption cross sections at these low energies.
incidence offers an attractive way of derecting
energies for which a grazing-incidence x-ray leuns
imeters which we have designed as part of this
cient use of Bragg reflection for polarization

ng the properties of mosaic crystals with high

imeters make use of the fact that when x rays
ugh 90°, only the polarization componeﬁt of the
rmal to the incident and reflected rays contri-
ower. The component parallel to.the reflected
saic form of a crystal is used in ofder to

As before,
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the choice of lithium hydride, graphite, and tungsten disulphide for use
as the most efficient polarimeter crystals is a primary result of this
study.

The use of crystal polarimeters in conjunction with a grazing-
incidence x-ray telescope is attractive mot only from a scientific view~
point but also in terms of their cost and construcﬁion. The instruments
that we have designed are not only highly efficient but are also simple
in design and small in size.

B. Design of Polarimeters at the Focus of the High
Efficiency Telescope

The dimensions of any crystal used as a polarimeter at the focus
of a grazing-incidence telescope are determined by the size of the x~ray
image and the absorption length in the material for the particular
energy studiea. The length and width of the crystal must be large enough
so that the projected face of the crystal encompasses all of the incident
flux. TFor a telescope of 26~ft focal length, such as the high-efficiency
tglescope described in our HEAO-C proposal, the image size should always
be contained within 1/2 in. (¢ 5 min). The depth of the crystal along
tﬁe optical axis has to be on the order of a few absorption lengths at the
appropriate wavelength in order to maximize the probability of reflection.

The small image size makes practical a design for.a graphite
polarimeter with improved efficiency over that achieved by a thick piece
of the same material. In this type of construction, the crystal is
divided into several thin pieces, much less than an absorption length

thick, and the pieces are separated as shown in Fig. 7. This procedure
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reduces the probability of absorption in the material after Bragg
reflection tales place and, in principle, can be used to increase the
integrated intensity of the reflection by a factor of two. A prototype
of such a polarimeter has been constructed and is shown in Pig. 8; its
performance characteristics are shown in Fig. 9. In this particular
version, theoretical integrated intensity was achieved with three thin
strips of crystal, with over 35% of the incident flux still available
for reflection after passing through the polarimeter.

An artist's sketch of a flight design of a graphite polarimeter
is shown in Fig. 10. In this version, the reflected flux is detected
in two mutually opposite detectors in order to detect and eliminate
systematic effects arising from off-axis x rays.

An increase in the integrated intensity reflected from a
crystal can also be achieved by cleaving the material so that
the reflecting planes are at an angle with respect to the surface ofkthe
material as shown in Fig. 11. This technique will increase the integrated
intensity as long as the dimension of the crystal along the reflected ray
is less than an absorption length. If this dimension is greater than an
absorption length, then the probability of absorption after reflection
occurs is increased and the reflected power is reduced.

The absorption length in graphite at 2.6 keV (the energy at which
the 90° reflection occurs) is about 0.001 in. If the technique described
above were used, the width of the crystal would be much smaller than the
expected image sizes. However, for a material such as lithium hydride,
the absorption coefficient is about 0.5 in.“l, which corregponds to about

5 min at 26 f£t, and thus the second method is feasible.




GRAPHITE X-TALS

Prototype mosaic crystal polarimeters.

Figure 8.
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Fig. 9. Experimental reflectivity curves of prototype mosaic crystal
polarimeters.
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One can take advantage of the symmetric cubic structure of LiH to
obtain a further increase in the efficiency of a polarimeter using this
material. In LiH there are two orthegonal sets of planes with the sanme
d spacing available for reflection. When the principal (002) planes are
oriented at 45° to the front surface of the crystal, coherently scattered
radiation appears a2t both sides of the crystal, as shown in Fig. 1Z. For
a LiH polarimeter? the features of cubic symmetry and large absorption
length result in an overall efficiency, which is a factor of four greater
than that schieved by a single thick crystal of the same material.

Tungsten disulphide is similar to graphite in crystal structure. The
material is characterized by dense, widely separated planes of atoms. As
this material has neither the cubic symmetry of the LiH nor a small absorp-
tion coefficient, the separation technique for increasing efficiency
coulé be utilizedn‘

C. Sensitivity of the Polarimeters

The energies and wavelengths at which the $0° réflectimm OCCurs
from the three polarimeter crystals are shown in Table XIV. The effective
area of the telescope as a function of wavelength is shown in Fig. 13.

The wavelengths at which the crystals are sensitive are also marked in

the figure.

Table XIV. Energy and Wavelength for 90° Reflection from Polarimeter

Crystals
Crvstal Material Energy (keV) Wavelength (&)
WS, 1.41 8.79
c 2.62 4,73

LiH 4,30 2,88
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The thecoretical and experimental sensitivities of these instr

to possible polarization of two stellar souvrces are munarized in
AV and XVIL. The experimental estimates

are based on laboratory tests. We

improve significauntly toward the theoretical estimates. A counservative

egstimate of the experimental performance of the tungsten disulphide has
been used. The effects of limited detector efficiency have been included

simates.

vJ
f‘-

in the experimental es!

We define the minimum detectable polarization P to be that v

of polarization that has 17 probability of being exceeded in a

of an unpolarized source. We

D

&

tind, for example, that after a 1000-sec

observation of the Crab nebula, the minimum detectable polarizati
7.2%, 6.7%, and 5% for the tungsten disulphide, graphite, and lithium
hydride polarimeters, respectively.

No background effects were included in the above estimates. The

induced events which sinulate true

background rvecults from cosmic-ray

x~ray events, and alse from the fraction ackground

which is collected by the telescope and

"~

Chur own experience hasg beer

o

that by using snticoincldence and ti

reiection schemes fo reduce the cosmic-ray background, the vemaini

pe

spurious events have the appearance of a spectrum with voughly & constant

2o
0.003 ctefom™/keV/gec.

s

number of counts per keV of bandwidth of about

{

al.,, 1968) shows that

Comparison with other observations (Corenstein et

i
r
b

rates even lower than the above value may be possible. With a maxinm
o - i~ ,‘? «.2 . g 1 > ] 1y,

total area of order 100 cm” for any one of the polarimeters, and a conser—
vative estimate of a one-keV bandwidth, we see from Table XVI  thar these

experiments will only begin to be background-limited for sources ten times
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weaker than the Crab nebula. Even at this level, the counting rate from

the isotropic background will be negligible.
B. An Imaging Polarimeter

An extended source such as the Crab nebula is of special interest
for polarization measurements. A peolarization map of such objects can be
carried out most efficiently by locating a plane~reflecting crystal just
before the focus of a high-resolution lens as shown in Fig. 14, An image
will still be forwmed, and the polarization of different regioms from the
source can be measured simultaneously. An x-ray image intensifier can be
conveniently used as the detection device for this experiment.

As an example of the resclution of such a device, we comsider an
image of the Crab nebula formed by an x~ray lens of one-~arc-~sec resolution.
The image would be approximately 1/4 in. in diameter. A graphite crystal
with a mosaic spread of 0.5° located 1/2 in. from the focal plane would
give an image resolved to 4 arc sec.

Unfortunately, the requirement that a single plane surface bakuse&
for the imaging polarimeter eliminates the use of the previcusly described
techniques for improving the integrated intensity of the crystal. The low
efficiency of an x-ray image intensifier further limits the sensitivity of
the experiment and would reduce the overall efficiency of the polarimeter
by a factor of 16.

In comparison with the non~imaging polarimeters, we see from
Table XV, for example, that a 4-hour measurement will be required to achieve
equal sensitivity to polarization for the Crab nebula. If an image of this
source is formed of n elements, an observation approximately n times as

long will be required to obtain the same sensitivity to polarization in
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Figure 14. Imaging x~ray polarimeter concept,

55



each resolution element. Nevertheless, such an experiment would vield
significant results because the two obviocus sources of interest {(rhe Crab
nebula and M~87) are of sufficient intensity so that the reduced sensiti-
vity will not result in unreasonably long integration times. For example,
we will be able to detect 6% pelarization from the Crab nebula as a
three~standard~deviation effect in each of 6 spatiél resolution elements

in 24 hours of observation.

V. THE PFOCUSING CRYSTAL POLARIMETER

We have currently completed preparing for flight thelmest sensitive
x~ray polarimeter to date. This polarimeter will be used to search for
polarization in the 2-3 keV range of the continuous emission from the Crab
nebula. The polarimeter involves the use of over 900 square inches of
graphite crystals and employs the strong polarization dependence of Bragg
reflection at and near 45° reflection.

For the purpose of this report, the main feature of interest is
the preparation of the crystals. Becsuse of the large area of crystals
involved and the high cost of the better grades of the material, special
techniques were developed in order to produce the appropriate crystals
for the polarization experiments.

Fortunately, high resolution {(narrow mosaic spread} is not a
pfimé requirement for these experiments as one is only intevested in

2

reflecting as much of the continuum as possible. A technique has been
developed for producing a large number of crystals of the highest integrated
intensity from a single square inch of the very poor quality (mosaic
spread 3.5°) graphite crystals. This technique makes use of the fact that

only a few thousand atomic layers of the material contribute to the
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=

reflected intensity and the fact that one can peel off extremely thin
(< 0.001 in.) layers from ﬁhe crystal through the use of an adhesive tape.
The process involves peeling several strips of crystal in such a manner
that minute striations appear in the material. This perturbation seems
to break up the large domains characteristic of these crystals as evidenced
by the high integrated refiectivity of the finished product. Several thin
layers are then cold-welded together at a pressure of approximately
2000 1bs/sq in. The resulting crystal shows typically an integrated in-
tenéity of better than 8 x 1004 at 2.6 keV or almost 907 of the theoreti-
cally predicted value. A typical rocking curve for these crystals is
shown in Fig. 15.

The rocket containing these crystals (NASA Flight 17.09 UG) was
flown successfully on February 21, 1971. The results of this flight will

be sent as an appendix to this report as they become available.
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